Abstract
XY-system. The male-specific region of the Y chromosome showed little conservation among 25 the three Nepenthes taxa, except for the essential pollen development gene DYT1 which was 26 also male-specific in additional taxa. Hence, this homomorphic XY sex-determination system 27 likely has a unique origin older than the crown of the genus Nepenthes at c. 17.7 My. In 28 addition to the characterisation of the previously unknown sex chromosomes of Nepenthes, 29 our work contributes an innovative, highly sensitive statistical method to efficiently detect 30 sex-specific genomic regions in wild populations in general. 31
Introduction

50
Dioecy and sex chromosomes 51
Although the majority of flowering plant species have hermaphroditic flowers, plant sexual 52 systems and mechanisms of sex-determination are highly diverse (Charlesworth 2002 ; 53
Bachtrog et al. 2014). Only 5-6% of species have female and male flowers on separate 54 individuals (dioecy), while the evolutionary transition to dioecy occurred more than 800 times 55 independently in angiosperms alone (Renner 2014) . In contrast to the outcrossing-selfing 56 transition, for which many of the underlying genetic changes have recently been uncovered 57 (Shimizu & Tsuchimatsu 2015) , relatively little is known about the transitions from 58 hermaphroditism to dioecy and the mechanisms of sex-determination in plants (Charlesworth 59 2016). The main hypotheses for the evolution of separate sexes in plants involve conflicting 60 trait optima between the sexual functions, or alternatively, an outcrossing advantage 61 (Charlesworth 1999) . 62
Sex chromosomes are one of the potential determinants of sex. Pairs of sex 63 chromosomes control sex at the individual level, and differ from autosomes mainly in their 64 partial loss of meiotic recombination, and because one of them is limited to one of the sexes 65 (Charlesworth 2016) . Some sex chromosome pairs are heteromorphic in karyotypes, while 66 others are homomorphic. Few plant sex-determination systems and sex chromosomes have 67 been studied in detail (Ming et al. 2011) , and even fewer of these originated independently. 68
This severely limits comparative studies aiming to understand the incidence and stability of 69 sex chromosomes in the tree of life (The Tree of Sex Consortium 2014) and the identification 70 of universal patterns in their evolution and structure. Beyond fundamental evolutionary 71 questions, knowledge of sex-determination systems also has important applications for 72 example in molecular gender phenotyping of juvenile plants in agriculture, plant breeding,males; Frazier 2001), consistent with the hypothesis that males tolerate drier and hotter 99 conditions. 100
The sex-determination mechanism in Nepenthes is unknown, but there are no reports 101 of plasticity or reversal of the gender in nature or cultivation (Clarke 2001) , suggesting stable 102 sex determination during early development, or a genetic basis. Heteromorphic sex 103 chromosomes are unlikely since a wide range of species share indistinguishably small and 104 uniform chromosomes (2n=80; Heubl & Wistuba 1997) . 105
Analysis of sex-determination systems 106
Cytogenetics and linkage analysis in families are traditional methods to study sex-107 determination and sex linkage of genes (Charlesworth & Mank 2010) . However, these 108 strategies fail in many dioecious organisms because of uninformative karyotypes and 109 prohibitive logistics of breeding. Here we avoid cytology and controlled crosses by instead 110 scanning natural populations for associations between sex and genetic markers. 111
Two main categories describe molecular genetic sex differences (sex-linkage): sex-112 association and sex-specificity. Sex-associated loci differ in allele frequency between sexes, 113 and either directly determine sex, for example in polygenic sex-determination systems 114 (reviewed in Bachtrog et al. 2014), or display linkage disequilibrium (LD) with sex-115 determining loci. Sex-specific loci are private to one sex and entirely absent from the other. 116
They indicate partial divergence between male and female genomes, likely following 117 recombination suppression around sex-determining loci (Charlesworth 1991) . Pairs of sex 118 chromosomes can be classified as either heteromorphic or homomorphic. In the former, 119 cytogenetic (optical) techniques indicate chromosome divergence in size or structure, whereas 120 in the latter the differences are so subtle that molecular genetic methods are required to 121 resolve them. Male-limitation is referred to as XY-heterogamety and female-limitation as 
Population genetics of candidate RAD-tags 226
We tested whether LD in male populations differed between sex-specific resp. sex-associated 227
SNPs and the genomic average, represented by 100 randomly selected SNPs. LD (r 2 ) was 228 calculated between but not within RAD-tags using VCFtools v0.1.15 (Danecek et al. 2011) . 229
The same contrasts were made for nucleotide diversity π, which was averaged per RAD-tag 230 using SNPs from .vcf genotypes (VCFtools) while the total number of observed sites per 231 RAD-tag was taken from .bam alignments, applying the same filters to both data (minimum 232 read depth 3, maximum read depth 75, maximum genotype absence 0.25). Significance of 233 differences was evaluated by a randomisation test in R (bootstrap resampling from observed 234 data at equal sample sizes, permutation of observations; p-value = proportion of resampled 235 datasets with difference in means greater or equal to the observed difference; 100k replicates). 236
Comparison of candidate RAD-tags to a male inflorescence transcriptome 237
We sequenced and assembled the transcriptome of a developing male inflorescence of 238 Nepenthes khasiana Hook.f. (SI Methods S3) to identify and annotate sex-linked candidate 239 loci. Fresh inflorescences of the species used for ddRAD-seq were not available in 240 cultivation. The transcriptome was searched (a) by BLAST for similarity to candidate RAD-241 tags (thresholds >= 90 aligned bases and >= 75% identity), and (b) by repeating privacy 242 rarefaction with ddRAD-seq reads directly mapped to the transcriptome rather than the 243 ddRAD-seq assembly (bwa mem; Li 2013; not filtering mapping quality, allowing multiple 244 mappings). 
PCR validation 254
Candidate sex-specific RAD-tags were chosen for PCR validation based on a ranking of the 255 highest stringency level reached, bootstrap support, taxonomic overlap, and the quality of 256 annotation of matching transcripts. PCR primers were designed in Geneious R6 (Biomatters 257
Ltd., Auckland, New Zealand). PCR reactions were performed in 15 µl volumes containing 258 2.5 mM MgCl 2 , 250 µM of each dNTP, 0.375 units of GoTaq DNA polymerase (Promega, 259
Wisconsin, USA), 1x GoTaq Flexi buffer (Promega), 0.5 µM of each primer, and 1 µl of 260 template DNA (2-20 ng/µl). After initial denaturation for 2 min at 95°C, 30 cycles were run 261 with denaturation at 95°C for 30s, annealing at 50°C for 30s, and extension at 72°C for 1 min, 262 followed by a final extension step of 5 min at 72°C (Labcycler, SensoQuest, Göttingen, 263 Germany). PCR products (2 µl) were separated by electrophoresis in a 2% agarose gel and 264 visualised through fluorescent staining (GelRed, Biotium Inc., Hayward, CA, USA). 265
Results
266
Sex-specific RAD-tags 267
Qualitatively consistent signatures of male-specific RAD-tags were detected independently in 268 
Sex-associated SNPs 280
We detected bi-allelic SNPs associated with the phenotypic sex in N. pervillei and N. 281 rafflesiana s.l., as well as in Silene latifolia, but not in N. gracilis. Almost all sex-associated 282
SNPs had an allele frequency close to 0.5 and near-complete heterozygosity in males, but 283 were close to fixation and thus homozygous in females (SI Table S2 ). The proportion of sex-284 associated bi-allelic SNPs identified was much lower in Nepenthes (N. pervillei: 285 97/38,783=0.25%; N. rafflesiana s.l.: 37/222,188=0.017%; N. gracilis: 0/50,483=0%) than in 286 S. latifolia (2,376/149,311=1.6%). 287
LD among sex-specific RAD-tags and sex-associated SNPs 288
Sex-specific and sex-associated genomic regions are expected to experience little or no 289 recombination, which should lead to increased LD. Contrary to expectations, LD among sex-290 specific RAD-tags did not differ from the genomic background (p = 0.74) in N. pervillei, 291 whereas mean LD among SNPs in sex-associated RAD-tags was elevated by 0.077 units over 292 the genomic background (p <= 10 -5 ). In N. rafflesiana s.l., mean pairwise r 2 among SNPs 293 located in sex-specific RAD-tags was 0.1 units higher than in the genomic background (p <= 294 background (c. 0.004 units, p = 0.0011). These tests could not be conducted for N. gracilis 296 because no sex-associated RAD-tags were identified and only two sex-specific RAD-tags 297 contained SNPs (r 2 = 0.15625). 298
Nucleotide diversity of sex-linked RAD-tags 299
Mean π in male-specific RAD-tags tended to be lower than the genomic background in all 300 three taxa (Figure 1c 
Shared candidate loci between species, functional annotations and PCR validation 305
We recovered six shared candidate sex-specific RAD-tags at stringency level >= 5 in both N. 306 gracilis and N. rafflesiana s.l., whereas N. pervillei shared no candidates with either (SI Table  307 S3). There was no overlap in sex-associated SNPs between the Nepenthes species, and no 308 direct overlap between sex-specific RAD-tags and those with sex-associated SNPs. However, 309 one male-specific RAD-tag of N. gracilis and one RAD-tag with sex-associated SNPs of N. 310 rafflesiana s.l. both matched with high confidence to the same inflorescence transcript 311 containing a DUF4283 (domain of unknown function, http://pfam.xfam.org/family/PF14111, 312
09.11.2016). 313
One male-specific RAD-tag of N. pervillei aligned to the transcript of a bHLH 314 transcription factor, and the best matches in all accessed databases were consistently to 315 predicted orthologs of the Arabidopsis gene DYSFUNCTIONAL TAPETUM 1 (DYT1). A 316 further sex-associated RAD-tag of N. pervillei matched a transcript annotating as A. thaliana 317 SEPALLATA-1 (SEP1). This RAD-tag aligned to the predicted 3'-UTR of the putative 318 SEP1-ortholog, and contained two SNPs which were both homozygous in 95% of femalesdivergence of SEP1 were not possible because the male inflorescence transcriptome reads 321
were not heterozygous. In N. gracilis, a male-specific RAD-tag matched a long transcript 322 similar to a mitochondrial NADH-ubiquinone oxidoreductase from Beta vulgaris (Swiss-323 Prot). All further candidate loci contained either traces of transposable elements, or no known 324 sequence motifs (SI Table S3 ). 325
Complementary to the sex-specificity scan on the ddRAD-de novo reference, we 326 repeated privacy rarefaction by directly mapping the ddRAD reads to the male inflorescence 327 transcriptome, with the aim to recover further annotated candidate genes. This approach 328 identified seven transcripts as male-specific in at least one species (SI Table S3 ). We 329 considered only high-confidence male-specific candidate transcripts, reaching at least 330 stringency level four and bootstrap support greater 0.5 in at least one species. No female-331 specific transcripts (false positives) reached this stringency. A single transcript was male-332 specific in N. rafflesiana s.l. but could not be annotated. Four close transcript "isoforms" 333 (Trinity assembler) were male-specific in both N. gracilis and N. rafflesiana s.l., but they 334 lacked similarity to any known motif except for one isoform similar to a Jockey-1_Drh 335 retrotransposon. However, two transcripts were male-specific in both N. pervillei and N. 336 rafflesiana s.l., and one of these also matched a N. pervillei male-specific RAD-tag (see 337 above). These two transcripts appear to be close isoforms (putative intron presence-absence), 338 and both annotated as DYT1 (see above). 339
We tested by PCR whether the putative DYT1-ortholog is male-specific in a broad 340 range of Nepenthes species. A single PCR product of approximately 290 bp length was 341 observed exclusively and consistently in phenotypically sexed male Nepenthes but never in 342 females (SI Methods S4). We tested multiple males and females (1 vs. 3 to 3 vs. 3) for eight 343 taxa, and 1-2 individuals from 14 further taxa. Presence-absence of the PCR product wasthe PCR product confirmed the identity of the target region. Hence, this locus is male-specific 346 across a phylogenetically broad range of Nepenthes species and can be used for molecular 347 sexing of individuals. 348
Discussion
349
The Nepenthes sex-determination system 350
In natural populations of Nepenthes we discovered both sex-associated markers that were 351 predominantly heterozygous and displayed high nucleotide diversity in males but were mostly 352 homozygous in females, as well as multiple male-specific markers displaying elevated LD 353 and reduced nucleotide diversity. The latter is consistent with theoretical expectations for sex-354 
Method to extract sex-specific loci from population genotype data 362
Methods to rapidly genotype individuals across the genome, such as RAPDs, AFLPs, and 363 more recently RNA-seq and ddRAD-seq were repeatedly used to identify sex-specific 364 markers. All these approaches suffer from the common problem that marker absence in some 365 individuals (e.g. due to polymorphism, low coverage or technical artefacts) must be 366 distinguished from true marker absence in the entire sex. Erroneous inference of marker 367 absence in one sex leads to false positive sex-specific markers for the other sex. This likely 368 played a role in studies reporting both male-and female-specific markers in single Theoretical expectations for fully dioecious diploids in quasi-panmixia imply that a 372 population can not harbour both male-and female specific loci at the same time. Under these 373 assumptions, at most one sex, or else none, carries sex-specific alleles or loci as derived from 374 the principles of diploid inheritance (Mendel 1866 ): If sex is determined by a single locus, 375
here not understood as a single gene but more broadly as a non-recombining DNA sequence 376 that may contain any number of genes, it must follow dominant-recessive inheritance (where 377 absence constitutes a recessive allele). Co-dominance can be excluded because it would 378 produce hermaphrodites or steriles, violating the assumption of a fully dioecious population. 379
Consequently, all loci that are not perfectly physically linked to the sex-determining locus are 380 expected to be shared by both sexes, and sex-specific loci and alleles must be located in a 381 single, non-recombining genomic block that includes a dominant sex-determining allele. If 382 sex is controlled by more than one locus, as in quantitative or polygenic sex-determination, 383 however, by definition no single locus or allele controls sex, and hence all loci and alleles are 384 expected to be shared by both sexes. 385
We argue that erroneous inference of marker absence, and thus false positive 386 identification of sex-specific markers, results from insufficient consideration of uncertainty in 387 presence-absence within and between sexes. This includes sex bias in both sample size and 388 genetic structure of the screened population. We eliminated this problem through replicated 389 downsampling from a larger pool of observations (individuals) in the same way as rarefaction 390 in community ecology eliminates sampling bias when comparing species richness (Gotelli & 391 Colwell 2001). However, instead of the resampled counts in two groups (habitats), we record 392 the identity and level of sharing (or privacy) between groups (sexes), which is not of interest 393 in conventional rarefaction analysis. As a result, privacy rarefaction curves, as we name themhere, decay rather than increase towards a plateau with increasing sub-sample size 395 (=stringency). An empirical statistical solution to differentiate between random and true 396 privacy of genomic loci, like the one detailed here, has to our knowledge not been applied 397 we report that the problem can partially be solved in-silico by our novel privacy rarefaction 411 algorithm. It removes false-positives and assigns a quality score to each candidate locus, thus 412 greatly reducing the number of candidate sex-specific markers to validate. 413
Our use of privacy rarefaction for the inference of sex-specificity aims at identifying 414 the most likely true-positive candidates in noisy datasets, at the possible cost of a high false-415 negative rate. Privacy rarefaction curves are illustrated in Fig. 1 . In these, false-positive 416 candidates are evident: If apparent sex-specific loci are identified in both sexes (typically at 417 low stringency), then false-positives are present in at least one of the sexes. This happenstypically obtained tens of thousands of sex-specific candidates, most of which were false-420 positives. These false-positives appeared sex-specific because they were not present in the 421 dataset in all individuals, due to technical artifacts, low coverage or molecular 422 polymorphisms, and they by chance coincided with sex. Thus, different combinations of few 423 males and few females yield large but inconsistent sets of sex-specific candidates, most of 424 which will be false-positives. With increasing numbers of males and females, false-positives 425 are progressively eliminated as the collective male-resp. female sets of loci approach the real 426 genomic composition of males resp. females. Different combinations of many males and 427 many females yield small but largely consistent sets of sex-specific candidates. This happened 428 in our experience from c. ten males and females upwards, and our script reports this 429 concistency as a bootstrap support value. The dropout of false-positives characterises the 430 initial steep decay of the privacy rarefaction curves and continues until only one sex contains 431 specific loci. This is a critical point which is diagnostic for the heterogametic sex. We expect 432 that the sex-specific candidates that occur at and beyond this stringency have a false-positive 433 rate near zero, because there are no more false-positives for the homogametic sex. However, 434 at this point we expect to have a high false-negative rate that arises from stochastic absence. 435
True sex-specific loci are classified as not sex-specific if they are absent in a subset of the 436 investigated individuals of the respective sex. The slower decay of privacy rarefaction curves 437 at higher stringencies is due to the dropout of true-positive candidates. 438
As the noisy individual presence-absence is smoothed by aggregation over many 439 individuals, one may argue that sex-specificity should be scored only for the maximum 440 possible number of males and females in a dataset. However, this strategy can miss true sex-441 specific loci entirely if the data are noisy and true sex-specific loci have inconsistent and low 442 coverage, e.g. when large genomes with very small sex-specific regions are sequenced at low 443 depth. But if combinations of fewer males and females are also evaluated, it is possible to findthat one sex consistently yields more candidates than the other, which indicates that true 445 positives exist for that sex. Our script calculates a p-value for the difference between male-446 and female-specific candidate counts. Importantly, the privacy rarefaction algorithm per se 447
can not affect the false-negative rate because it is not based on statistical model assumptions -448 false-negatives are given by stochasticity in read presence-absence, i.e. due to the sampling 449 design, wetlab and in-silico procedures. 2017), and copes with very large and noisy datasets with high missingness. Privacy 461 rarefaction curves thus offer a unique, simple and robust way to judge whether true sex-462 specific loci exist and which sex is heterogametic. The established methods for identification 463 of sex-linked sequences are more suitable for projects that aim to further study previously 464 identified sex chromosomes, while our approach is efficient in the first phase of investigation 465 of new species, i.e. rapid de novo-discovery of unknown sex determination systems and 466 cytogenetically homomorphic sex chromosomes with some of their basic properties. But 467 privacy rarefaction can also complement more advanced projects, because it identifies sexspecific loci (Y-resp. W-specific loci), a major class of sex-linkage that is neglected by 469 family segregation analyses due to the lack of recombination. 470
Based on available experience, we expect the power of our method to discover sex-471 specific markers and heterogamety to be limited by the true number of sex-specific loci, the 472 design of population sampling, and the relationship of stochastic noise in genotype presence 473 (consistency of library preparation and read coverage) to the number of individuals per sex. 474
The method performs better the more truly sex-specific loci exist, the higher the read 475 coverage, the more individuals of each sex are included, and the less the population deviates 476 from panmixia (both family structure and geographic structure should be avoided). For 477 example, in a species with XY sex-determination, full-sibling males and females do not 478 contain identical X-chromosomes if their parents carried polymorphic X chromosomes; this 479 may lead to the apparent paradox of finding both male-and female-specific markers. 480
However, this was not the case in our analysis of three Nepenthes species and S. latifolia, in 481 which female-specific loci were significantly outnumbered by male-specific loci at stringency 482 levels greater than six, and fell to zero above stringency levels ten or eleven (Figure 1b) . 483
Moreover, our method is robust to modest levels of erroneous gender phenotyping. We 484 consequently expect privacy rarefaction to be useful for diverse study systems. 485
Properties of the Nepenthes XY system 486
Nepenthes karyotypes suggest that the sex chromosomes are homomorphic (Heubl & Wistuba 487
1997), matching the relatively lower proportion of Y-specific and sex-associated RAD-tags in 488
Nepenthes compared to S. latifolia with its disproportionally large Y-chromosome. Based on 489 theoretical expectations (above), we interpret the occurrence of true sex-specific markers as 490 evidence for a single sex-determining genomic region. and none were shared with the more distant N. pervillei. Male-specific loci shared between N. 507 pervillei and N. rafflesiana s.l. were only recovered by directly mapping ddRAD reads to the 508 male inflorescence transcriptome. This suggests that absence of shared sex-specific RAD-tags 509
should not be interpreted as evidence for independent origins of sex chromosomes. Further 510 evidence for a common origin but subsequent interspecific divergence of sex chromosomes is 511 found in a DUF4283-transcript, which was male-specific in N. gracilis but sex-associated in 512 N. rafflesiana s.l. Apparently, X and MSY alleles (i.e. gametologs) have lost homology 513 (threshold 90% identity) in the former but not in the latter species. 514
Apart from sequence divergence, variation in absolute and relative abundance of 515 male-specific and sex-associated markers is consistent with variation in the size of the MSY 516 among species, as may be expected in independent evolutionary lineages. Alternatively,region may be compatible with sex chromosome turnover, where the sex-determining region 519 translocated into different chromosomal backgrounds (Blaser et al. 2014) . Until the genomes 520 of multiple species have been sequenced and compared, this alternative cannot be fully 521
excluded. Yet this aspect does not affect our conclusion of a single common origin of the 522
MSY and dioecy in Nepenthes. 523
Non-coding DNA and special significance of DYT1 and SEP1 524
Of the 38 sex-linked inflorescence transcripts (identified by 41 matching sex-linked RAD-525 tags), 34 (89%) could not be annotated or contained transposable elements (TEs). Thus, the 526 great majority of sex-linked genomic regions retrieved from Nepenthes correspond to non-527 coding sequences and TEs, and here they were more common than in non-sex-linked 528 transcripts (χ speculate that Nepenthes DYT1 is also functionally conserved. Direct validation in Nepenthesis currently not feasible due to the lack of transformation protocols and the long generation 544 times. Our analysis suggests that Nepenthes DYT1 is absent from females and thus absent 545 from the X chromosome. Such a deletion of DYT1 from the X chromosome would constitute 546 a recessive male-sterility mutation, which is required early in the evolution of dioecy for the 547 transition from a hermaphroditic to a gynodioecious mating system (Charlesworth & 548
Charlesworth 1978). 549
The second gene of interest is a Nepenthes homolog of the homeotic MADS box gene 550 SEP1, an early-acting regulator of floral organ identity in Arabidopsis (Pelaz et al. 2000) , 551
which was sex-associated in N. pervillei. There was near-perfect heterozygosity in two SEP1-552 linked SNPs in males, whereas these positions were highly homozygous in females, flower number between the sexes, which also varies between species (SI Table S1 ). 586
Conclusions 587
The discovery of XY sex-determination in Nepenthaceae contributes to a better understanding 588 of the diversity of plant sex determination systems and the molecular and ecological factors 589 associated with dioecy and the evolution of sex chromosomes. As the foundation has been 590 laid, future studies can address sexual conflict, X-Y chromosome divergence, and the identity 591 of sex-determining genes. The species-rich radiation of Nepenthes lends itself to comparative 592 studies. With the development of a simple molecular sexing assay, we also provide a tool forfuture studies on the ecological and physiological correlates of dioecy in Nepenthes, and 594 anticipate that future work on Nepenthes will benefit from this resource. Our work 595 exemplifies how sex-determination systems of non-model species can be studied and how 596 statistically supported molecular markers suitable for the identification of sex can be 597 developed without the need for prior genetic resources or existing breeding efforts. 598
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Supporting Information
At this early stage, we employed a simpler version of the resampling approach to detect sex-specific loci, using the Stacks pipeline (Catchen et al. 2013 ) instead of the dDocent approach (Puritz et al. 2014 ) of genotyping. The populations module of Stacks was iterated over different combinations of real and permuted males and females, thereby revealing numbers and identities of likely sex-specific loci following the same logic as described in the main text ("privacyrarefaction"). This attempt was successful in N. rafflesiana "typical form" (Borneo), but failed to identify any sex-specific loci in N. gracilis. We took the top 10 best candidate loci for N.
rafflesiana "typical form" (Borneo) and designed PCR primers for validation of sex-specificity (PCR conditions as described in the main text). Two of these loci amplified from males exclusively (private gel band at expected size), as verified in all males that were used for the genotyping and several further samples that had not been used previously. The same markers also amplified specifically from known males but not females of N. hemsleyana and N. rafflesiana "giant form" (Borneo). However, these markers were unspecific for all other tested species (N. ampullaria, N. bicalcarata, N. gracilis, N. mirabilis). We consequently used these two markers to molecularly sex additional individuals of N. rafflesiana "typical form" (Borneo) and N. hemsleyana that were included in the later, full sample set genotyped with ddRAD-seq.
To conclude, the sex of most N. hemsleyana and several of the N. rafflesiana "typical form" (Borneo) were determined not on the phenotype but molecularly with markers developed through this initial GBS dataset. amplification. We thus used the silica-column kit NucleoSpin Plant II from Macherey Nagel (Düren, Germany). For optimal yield, the tissue was completely powdered before the lysation step. To achieve this, tissue was flash-frozen in liquid nitrogen and then crushed in disposable, folded paper envelopes using pliers. The resulting coarse powder had to be still frozen, and was transferred to a 2 ml cryotube (Sarstedt No. 72.694.005, Screw Cap Micro Tube, 2 ml, PP, conical and skirted base) with three steel beads. On a shaker mill, cycles of shaking (up to 15 s) and flash-freezing in a liquid nitrogen bath were repeated until the material was a fine dust.
Acceleration on the shaker mill was carefully adjusted to the maximum possible level that did not break the frozen cryotubes. Lysis buffer was added directly to the tissue dust without prior thawing. All other steps followed the kit instructions.
PCR amplification of control and sex-specific sequences
The assay involves four primers: one pair targets a male-specific region (within the putative ng/µl). After initial denaturation for 2 min at 95°C, 30 cycles are run of denaturation for 30s at 95°C, annealing for 30s at 50°C and extension for 1 min at 72°C, followed by a final extension step of 5 min at 72°C (Thermocycler, e.g. Labcycler, SensoQuest, Göttingen, Germany).
visualisation and scoring
PCR products are separated in 2% agarose gels and visualised by fluorescent dye (Methods S4 Fig. S4-1) . Successful assays contain at least one strong band at 600-700 bp length, corresponding to the control cox1 fragment. The presence of a strong band at c. 290 bp characterises male individuals, while females do not contain this band. Several other, weaker bands of different length may be present. These are likely unspecific products of the control primer pair, as we could never observe them when applying the sexing primer pair exclusively.
RelTime is a non-Bayesian method for dating of phylogenentic trees that produces estimates similar to those from e.g. BEAST and MCMCtree, but it is orders of magnitudes faster and thus copes with genomics-scale alignments (Mello et al. 2017 ). The pruned tree contained only Brassicaceae (Arabidopsis thaliana) as the outgroup, and hence the alignment given to RelTime was also reduced with the same method as above (32 taxa, 550,360 sites, 22% gaps). We specified the WAG substitution model with 5 gamma-distributed rate categories and invariant sites. For 13 nodes that were also present in the Angiosperm time-tree of Magallón et al. (2015),
we supplied absolute time calibrations in the form of upper and lower limits on age (Methods S5 Table S5 -1).
Preliminary runs of RAxML and RelTime revealed that inclusion of Fabaceae, Rosaceae and Brassicaceae resulted in the same topology as retrieved by , but enforcing these "Rosids" as a monophyletic outgroup caused RelTime to fit negative branch lengths near the root. However, reducing the outgroup to just Brassicaeae, RAxML found a rather different topology compared to , and to this tree RelTime fitted negative branch lengths among the major lineages of Caryophyllales. Thus, to avoid biologically not interpretable negative branch lengths, we obtained a topology using the three outgroup taxa, but pruned this tree and the alignment to retain only Brassicaceae during RelTime dating.
Results and discussion
We retrieved largely the same topology as Yang et al. (Brockington et al. 2015) . We focussed on the Droseraceae because this was the only family for which transcriptome data was available.
Second, the divergence times that we took from the literature (secondary calibrations) may change in the future, as these were based on few genetic loci, fossils may be re-interpreted, and estimation methods change. 
All previous attempts of molecular dating in
MRCA
